Background. The calcimimetic cinacalcet lowers parathyroid hormone (PTH), calcium (Ca) and phosphorus (P) in dialysis patients with secondary hyperparathyroidism (SHPT). We explored serum P changes in dialysis patients treated with cinacalcet, while controlling for vitamin D sterol and phosphate binder (PB) changes, based on data from the pan-European observational study ECHO. Methods. Patients were categorized by serum P change (decreased/unchanged/increased) at 12 months after starting cinacalcet and subcategorized by vitamin D sterol and PB dose changes (decreased/unchanged/increased). The impact of PTH, Ca and P, and vitamin D sterol, PB and cinacalcet doses (absolute values and/or change) was evaluated. Predictors of P change were explored using univariate and multivariate general linear models (GLM) and logistic regression analysis. Results. At Month 12, 661 (41%) of 1607 patients had decreased, 61 (4%) unchanged and 400 (25%) increased serum P, while 485 patients had missing data. In 45% of the patients with serum P reduction, vitamin D was either increased or unchanged and P binders decreased or unchanged. PTH was a key predictor of serum P reduction, with an estimated 3% decrease in P per 10% reduction in PTH. Changes in vitamin D sterol and PB doses were not generally significant factors in GLM and regression analyses. Conclusions. The serum P reduction observed in a significant proportion of dialysis patients after adding cinacalcet to an existing therapeutic regimen for SHPT appears to result mainly from PTH reduction, rather than from changes in vitamin D sterol or PB doses. Financial support for the ECHO study was provided by Amgen.
Introduction
Chronic kidney disease (CKD) is accompanied by impaired metabolism of calcium (Ca), phosphorus (P) and vitamin D, leading to secondary hyperparathyroidism (SHPT). CKDmineral and bone disorder (CKD-MBD) [1] is characterized by parathyroid gland hyperplasia, progressive elevation of serum parathyroid hormone (PTH) levels and impaired P and Ca homeostasis, together with abnormal bone metabolism and vascular and soft tissue calcification [2] . These abnormalities are associated with an increased risk of bone fractures, cardiovascular morbidity and mortality and parathyroidectomy [1] [2] [3] [4] [5] [6] [7] .
The pathological contribution of hyperphosphataemia to vascular calcification and cardiovascular morbidity and mortality in dialysis patients is increasingly being recognized [8] [9] [10] [11] [12] . Indeed, elevated serum P is associated with a higher observed hazard ratio (HR) for death in epidemiological studies than are elevated Ca and PTH [12] [13] [14] . Recent guidelines from the Kidney Disease: Improving Global Outcomes (KDIGO) group have highlighted the importance of tight control of serum P, suggesting that levels should be maintained as close to normal as possible and should also guide the choice of pharmacological SHPT treatment [15] .
Ca supplements, calcitriol or other active vitamin D analogues, and phosphate binders (PB), together with dietary P restriction, have been the cornerstone of management of SHPT in dialysis patients. However, it is difficult to control PTH and P simultaneously with these measures alone, and the new KDIGO guidelines present a further challenge. Dietary P sources include P-rich inorganic additives in processed foods and beverages, as well as natural protein-rich foods [16] . A source of P that may be overlooked is bone, especially in the setting of elevated PTH levels [17] [18] [19] . This bone-derived phosphorus is not removed by PB, which bind phosphate only within the gastrointestinal tract. Moreover, Ca-based binders and high doses of vitamin D sterols tend to promote hypercalcaemia and hyperphosphataemia, which can exacerbate cardiovascular and soft-tissue calcification [20] and necessitate treatment interruption, risking further progression of SHPT. Parathyroidectomy may ultimately need to be considered if medical measures are unsuccessful.
The calcimimetic cinacalcet (Mimpara/Sensipar®, Amgen Inc., Thousand Oaks, CA, USA) offers an alternative mechanism of PTH-lowering in SHPT. It enhances the sensitivity of the parathyroid calcium-sensing receptors to extracellular Ca [21] and substantially lowers serum PTH, P and Ca in dialysis patients, as shown in clinical studies in which the majority of patients had also received treatment with vitamin D sterols or PB [22, 23] .
The present analysis evaluates the serum P-lowering potential of cinacalcet, while controlling for PB and vitamin D sterol changes, using data from the pan-European ECHO study (Evaluation of the Clinical Use of Mimpara in Haemodialysis and Peritoneal Dialysis Patients, an Observational Study). Results are published elsewhere [24] .
Methods

ECHO methodology
ECHO was a multicentre, part-retrospective and part-prospective observational study in 1865 dialysis patients who were receiving cinacalcet (as part of an overall treatment regimen for SHPT) at the initiative of their physicians. The methodology has been described previously in detail [24] . Patients were enrolled between July 2005 and October 2006 at a total of 187 sites in 12 Western European countries. Patients provided informed consent where required by local regulations. No treatment algorithm was provided for study purposes, nor were any additional clinic visits or laboratory/diagnostic tests conducted. Medical history, comorbidities, concurrent medication and laboratory data were obtained from patients' records and recorded in case report forms.
Data were collected retrospectively 6 months before the start of cinacalcet, at initiation of cinacalcet (baseline) and retrospectively or prospectively (depending on the time of enrolment) for the next 12 months. Patients could remain in the study if cinacalcet was discontinued. Time windows were prespecified for analysis of serum PTH, P and Ca. These were ±6 weeks for PTH (−3 months at baseline) and ±2 weeks for P and Ca. PTH levels measured by a biointact assay were arbitrarily converted to iPTH values by multiplying them by 1.95 [25] . Utilization of cinacalcet, vitamin D sterols and PB was also analysed. Dosages of vitamin D sterols were converted to oral calcitriol equivalent doses, by dividing dosage by the following: eight for IV paricalcitol, four for oral paricalcitol, four for IV alfacalcidol and two for oral alfacalcidol or IV calcitriol [26] .
Analysis of P-lowering effect
For the present analysis, ECHO patients were categorized according to whether their serum P was decreased, unchanged (within 0.1 mg/dL) or increased at 12 months, compared with baseline values. In order to examine the effect of vitamin D sterols and PB, these data were subcategorized according to whether the dose of each agent was decreased, unchanged or increased at 12 months compared with baseline. The algorithm used to categorize PB changes is shown in Table 1 . Additionally, we evaluated PTH, Ca and P, vitamin D sterols and cinacalcet doses by serum P change category. Regression analysis was used to assess the relationship between the change in P and PTH from baseline to Month 12, in all patients and separately in the different PB categories (decrease/ no change versus increase). The interaction between the PB dose change categories was also assessed. Predictors of P change were explored using univariate and multivariate logistic regression analysis and general linear models (GLM). The covariates examined were as follows: treatment centre characteristics, baseline patient characteristics [age, gender, ethnic group, previous renal transplant (yes/no), parathyroidectomy (yes/no), dialysis modality, dialysis vintage and time on haemodialysis per week] as well as serum P, PTH, Ca and albumin at baseline and changes in PTH and Ca and cinacalcet, PB and vitamin D sterol doses between baseline and 12 months. Patients with missing covariate data were excluded from the models.
The GLM response variable was the percentage change in serum P from baseline to month 12 (log-transformed, due to skewedness of the data). The logistic regression analyses modelled the probability of a P decrease versus an increase or no change. Multivariate models were constructed via a stepwise iterative procedure, according to the results of univariate modelling. Sensitivity analyses were conducted to evaluate the impact of missing covariate data. The GLM and logistic regression analyses were repeated with continuous data split into quartiles and missing data included as a subgroup for each covariate.
A two-sided P-value of <0.05 was considered statistically significant. Statistical analyses were performed using SAS version 8.2.
Results
Demographic and baseline characteristics
Baseline and demographic data for all 1865 patients enrolled in ECHO are shown in Supplementary data, Table S1 . The mean (SD) age was 58.1 (15.0) years; median (Q1, Q3) PTH 721.0 (506.5, 1050.0) pg/mL and median P 5.9 (1.6) mg/dL. Four hundred and fifty-three patients (24%) discontinued cinacalcet: the main reasons were renal transplantation (5%), PTH oversuppression (4%), nausea and vomiting (3%), non-compliance (1%) and parathyroidectomy (1%). A total of 1607 patients (86%) completed 12 months of follow-up after starting cinacalcet (1374 who were still taking cinacalcet), 254 (14%) withdrew and four had no completion status recorded. Baseline and Month 12 serum P data were available for 1122 patients who completed the study (Figure 1 ).
PTH and phosphorus
Six hundred and sixty-one (35% overall; 41% of those who completed the study) patients were categorized as having decreased serum P at Month 12, 61 (3%; 4%) had unchanged and 400 (21%; 25%) had increased serum P. Month 12 serum P data were missing in a total of 743 patients (258 patients who did not complete the study or had no completion status recorded and 485 who completed the study but did not have serum P recorded within the prespecified window at Month 12). These patients did not differ in demographics and baseline characteristics from those with decreased, unchanged or increased serum P or the overall ECHO population (Supplementary data, Table S1 ).
The evolution of median values for serum PTH and P over the course of the study (available data for all enrolled patients) is shown in Figure 2 . The individual median P decreased by 9.1% (Q1, Q3 change −25.0, Although a decrease in median PTH was seen in all P change categories, patients with decreased serum P also showed the largest decrease in PTH (Figure 3) . Regression analysis confirmed a statistically significant relationship between change in serum PTH and change in serum P, with an estimated overall 3% decrease in serum P for every 10% reduction in PTH.
Impact of vitamin D sterol, PB and cinacalcet dose changes
In all categories of PB dose change, a reduction in serum P was observed: the median change was −8.2% (−25.0, 10.0%), in patients with a decrease or no change in PB, and −10.0% (−25.6, 9.0%) in patients with a PB dose increase (Figure 2 ). For the former group, there was an estimated 2% decrease in serum P for every 10% reduction in PTH, while the latter showed an estimated 5% decrease in serum P for every 10% reduction in PTH (P = 0.027 for between-group comparison) (data not shown). Table 2 shows vitamin D sterol and PB changes (combined) as categorical parameters in patients with a change in serum P. These data show that for 173 (26%) of 661 patients with decreased serum P, the decrease could potentially be attributed to concomitant changes in vitamin D sterols and PB (i.e. decreased vitamin D Analysis of vitamin D sterol and cinacalcet dose changes relative to serum P change categories did not show a consistent pattern and there was no consistent relationship between cinacalcet dose and median serum P levels (not shown). Of the 453 patients who discontinued cinacalcet, 74 had decreased, 44 increased and 6 unchanged serum P, while 329 had missing serum P data.
GLM and logistic regression analysis
GLM analysis identified eight significant predictors of serum P decrease: dialysis vintage, hours of haemodialysis per week at cinacalcet start, history of parathyroidectomy, baseline PTH, absolute and percentage change in PTH from baseline to Month 12, change in cinacalcet dose (categorical: decrease versus no change/increase) and absolute change in vitamin D dose. Logistic regression analysis showed three significant predictors: dialysis vintage, and absolute and percentage change in PTH from baseline to Month 12 (Table 3 and Supplementary Table S2 ).
Results of multivariate GLM and logistic regression analysis showed a similar pattern. Multivariate GLM found seven statistically significant predictors of serum P change: baseline dialysis vintage, serum albumin and P, absolute and percentage change in PTH from baseline to Month 12, and change in vitamin D sterol dose (absolute and categorical: increase versus no change/decrease). Multivariate logistic regression analysis revealed three significant predictors: baseline serum P and dialysis vintage and PTH percentage change from baseline to Month 12.
PB dose change categories (increase versus decrease, increase versus decrease/no change or decrease versus increase/no change) and study centre characteristics were not found to be significant factors in any analysis (univariate/multivariate GLM or logistic regression). Sensitivity analyses (categorizing the continuous covariates into quartiles and including missing covariate data) revealed that a significant reduction in serum P was seen in all but the lowest quartiles of PTH at baseline and change in PTH at Month 12, respectively. Patients with a higher baseline PTH and those with a greater reduction at Month 12 had significantly greater reductions in serum P than those with lower baseline PTH or a smaller PTH change, respectively. Longer dialysis vintage and low serum albumin (≤3.5 g/dL) were also associated with significant reductions in serum P (Table 4 ; GLM results only shown).
Discussion
In this post hoc analysis of data from the pan-European ECHO study, we explored serum P changes in dialysis patients treated with cinacalcet. Of 1607 dialysis patients who completed this observational study, 661 (41%) had decreased, 61 (4%) unchanged and 400 (25%) increased, serum P at Month 12, while 485 patients had missing data. Our main findings were that (i) the serum P reduction appeared to result mainly from PTH reduction, rather than from changes in vitamin D sterol or PB doses, GLM models log (Month 12 P/baseline P) with the specified parameter and baseline P as covariates, while logistic regression models the probability of a P decrease versus no change/increase with the specified parameter and baseline P as covariates. Full results are shown in Supplementary Unpaired t-test. c Log-likelihood estimate from models excluding and including the specified parameter as a covariate. d Continuous, GLM: LS mean estimated mean change in P per 10 unit change in the parameter. e Continuous, LR: an odds ratio >1 or <1 indicates a higher probability of P decrease with each unit increase or decrease, respectively. f Categorical, GLM: an LS mean reduction was observed in both categories. Therefore, a negative estimate indicates a greater reduction in the first, while a positive estimates a greater reduction in the second category. g Categorical, LR: an odds ratio >1 indicates a higher probability of serum P decrease in the first category, while a value <1 indicates a higher probability of a P decrease in the second category. and (ii) the magnitude of P reduction was related to that of PTH reduction.
A significant reduction in serum P was seen in all but the lowest quartiles of PTH at baseline and change in PTH at Month 12, respectively. Patients with a higher baseline PTH and those with a greater reduction at Month 12 had the greatest reductions in serum P. This subgroup probably represents those patients with the highest bone turnover and bone-derived P load. Although a decrease in PTH was consistently found to be an important factor in determining serum P reduction, absolute serum P and PTH values (log-transformed) at baseline were not correlated (data not shown). Due to our observational study design, it is possible that P changes preceded the PTH changes. However, this is unlikely, as we were able to correct for the impact of several important serum P-modulating interventions. Moreover, these P changes occurred after starting cinacalcet, which acts primarily on PTH, and not directly on serum P. Other recent data from very large patient populations show that PTH and P levels are directly correlated in dialysis patients [27, 28] . Moreover, analysis of PTH evolution over time also shows that changes in PTH are associated with concomitant changes in serum P levels [29] . Improved control of PTH levels may reduce bone turnover and bone-derived P. Indeed, recent studies have documented the efficacy of cinacalcet in reducing increased total and bone-specific alkaline phosphatase [30] . As bone biopsy data were not collected in ECHO, we were unable to histologically evaluate any changes in bone turnover that followed the initiation of cinacalcet. There was also no collection of data on circulating 25-hydroxyvitamin D or biomarkers of bone formation or resorption.
Patients with increased serum P at 12 months (n = 400) had the smallest median decrease in PTH (Figure 2 ). The serum P increase could not be accounted for by changes in PB and vitamin D sterol doses in a substantial proportion of these patients (n = 219): their median (Q1, Q3) PTH change was −39 (−63, −5)%, versus −46 (−74, −14)% (n = 110) in those in whom PB and vitamin D sterol changes might potentially explain the serum P increase. Increased serum P might indicate unresponsiveness to, or suboptimal uptitration of, cinacalcet [24] or perhaps a subgroup of patients with lower bone turnover in whom the skeleton was less able to buffer the phosphate excess. We repeated the univariate and multivariate logistic regression analysis, modelling an increase in serum P versus no change/decrease. PTH change again was the key determinant of P change, with absolute and percentage change in PTH being significant predictors (P < 0.001 in univariate analysis). Overall, only 221 patients (12%) had increased PTH at Month 12.
Dialysis vintage and lower baseline serum albumin (≤3.5 g/dL) were also predictors for serum P change. Further analysis showed that dialysis vintage was correlated with PTH at cinacalcet start (data not shown) and other reports indicate that the prevalence of parathyroidectomy (as a marker of severe SHPT) increases with dialysis vintage [31, 32] . As cinacalcet achieves the greatest PTH reduction in those with the most severe SHPT [24] , one might expect to see the largest serum P reduction in these patients. As longer dialysis vintage Modelling P % change from baseline with the specified parameter and baseline P as covariates. may be associated with a greater risk of malnutrition [33] , low serum albumin might identify a subgroup of malnourished patients with long-standing and severe SHPT, in whom the main source of serum P is bone resorption rather than dietary intake. It could be speculated that changes in dietary protein and P intake might have influenced serum P changes. Serum albumin is also influenced by other factors such as inflammation [34] . We did not study additional markers of nutritional status such as normalized protein catabolic rate or subjective global assessment, or other markers of inflammation. Changes in vitamin D sterols and PB do not explain the serum P change in a substantial proportion of patients in our study and were not generally significant factors in the analyses, suggesting that such changes were less important than changes in PTH in our patients. Change in vitamin D sterol dose was significant in GLM analysis when evaluated as an absolute value, but not when analysed as a percentage, suggesting that the effect seen in the model was just an artefact of the difference in vitamin D sterol dose at baseline. Cinacalcet dose change was not a significant factor in determining serum P reduction, although there was only a very modest uptitration of cinacalcet dose in ECHO in the majority of patients [24] . A total of 453 patients discontinued cinacalcet: for patients who were still taking cinacalcet at Month 12, the mean daily dose was 57 mg (median 60 mg, cf 30 mg at baseline) at this time point. The corresponding vitamin D sterol dose was 1.1 (SE 0.04) µg/week, measured in oral calcitriol equivalents.
As patients were selected on the basis of poorly controlled SHPT, it is possible that our observations do not apply to the general dialysis population. Limitations of ECHO include its observational and partly retrospective design [24] , with patients being treated and monitored according to local practices: treatment guidelines changed during the study and there were regional differences in types and dosages of vitamin D sterols and PB used [35] . Forty-five per cent of study sites did not provide information about the type of PTH assay used; of those that did, most sites (94%) employed second-or third-generation serum intact PTH assays [35] . Although different types of PTH assays can give different absolute values [36] [37] [38] , trends in PTH reduction were similar for the different assay types [35] . Moreover, it is unlikely that an important number of participating centres changed the PTH assay used during the observation period. Other factors that might influence serum P that we did not evaluate include changes in dialysis schedule or dialysate calcium levels, type of PB used (calcium-versus noncalcium-based), compliance with treatment and dietary changes.
The large amount of missing data could potentially have introduced bias into the analyses, but sensitivity analysis showed that results were similar when patients with missing covariate data were included in the model. As analytical and within-subject variation in serum P might theoretically have influenced the results, an additional sensitivity analysis was conducted, using a 5% threshold to define serum P change. This had no effect on the results of the logistic regression analysis.
Despite its limitations, results of the present analysis suggest that the serum P reduction achieved in a significant proportion of dialysis patients after adding cinacalcet to an existing SHPT regimen results mainly from PTH reduction, rather than from changes in vitamin D sterol or PB doses.
